A numerical method based on solutions of Euler/Navier-Stokes (N-S) equations is developed for calculating the flow field over a rotor in hover. Jameson central scheme, van Leer flux-vector splitting scheme, advection upwind splitting method (AUSM) scheme, upwind AUSM/van Leer scheme, AUSM+ scheme and AUSMDV scheme are implemented for spatial discretization, and van Albada limiter is also applied. For temporal discretization, both explicit Runge-Kutta method and implicit lower-upper symmetric Gauss-Seidel (LU-SGS) method are attempted. Simultaneously, overset grid technique is adopted. In detail, hole-map method is utilized to identify intergrid boundary points (IGBPs). Furthermore, aimed at identification issue of donor elements, inverse-map method is implemented. Eventually, blade surface pressure distributions derived from numerical simulation are validated compared with experimental data, showing that all the schemes mentioned above have the capability to predict the rotor flow field accurately. At the same time, vorticity contours are illustrated for analysis, and other characteristics are also analyzed.
Introduction 1
Numerical analysis of rotor flow field has become an important branch of helicopter aerodynamics [1] . Because of the geometric complexity of rotor configuration and the relative movement among blades, overset grid technique has been widely implemented in the field of rotor flow field analysis [2] [3] [4] . In Ref. [2] , the far-field boundary condition derived from the rotor momentum theory and the new wall boundary condition coupled with rotor free wake were used. A numerical method based on solutions of Euler equations was adopted for calculating the flow field over a lifting rotor in hover. In Ref. [3] , a Navier-Stokes (N-S) method based on overset grids was developed to simulate the viscous flow past a helicopter rotor in forward flight. To build the connection among the overset grids quickly, a highly automatic method based on hole-map and inverse-map was implemented. In Ref. [4] , an overset grid thin-layer N-S code was extended to include dynamic motion of helicopter blades through relative grid motion, and detailed unsteady numerical flow visualization techniques were applied to the entire unsteady data.
Although considerable research has been devoted to the applications of overset grid and moving grid techniques on rotor flow field, rather less attention has been paid to the comparisons between various temporal and spatial discretization schemes. For spatial discretization, Jameson central scheme [5] has been widely utilized in the field of rotor flow field research [2] [3] . In state-of-the-art studies, other schemes have already come into use; for instance, Roe's scheme was used in Ref. [4] . Simultaneously, AUSM+ scheme [6] has also been utilized to analyze rotor flow field [7] [8] . Moreover, van Leer flux-vector splitting scheme (van Leer scheme for short) [9] along with advection upwind splitting method (AUSM) scheme [10] and its following modifications have been applied to other fields [11] , while there has been hardly any research in the field of rotor aerodynamics using the upwind AUSM/van Leer scheme [12] and AUSMDV scheme [13] . Although upwind AUSM/van Leer scheme was introduced to simulate helicopter flow field in Ref. [14] , rotor was simplified with the help of actuator disc model.
Six spatial schemes are included in this paper: Jameson central scheme, van Leer scheme, AUSM scheme, upwind AUSM/van Leer scheme, AUSM+ scheme and AUSMDV scheme. For temporal discretization scheme, both explicit Runge-Kutta method and implicit lower-upper symmetric Gauss-Seidel (LU-SGS) method [15] are implemented. Ultimately, simulation results and experimental data are compared quantitatively to verify the feasibility of the schemes.
Finite volume method is applied, using Euler/N-S equations to simulate the flow field of an experimental rotor in hover. The frame of reference is attached to the rotating blades to formulate Euler/N-S equations for moving grid.
Grid Generation

Brief introduction of grid system
The overall set of grid system is comprised of two levels of grids, including a couple of O-H-topology body-fitted grids around blades and a Cartesian background grid. Blade grids are generated by solving elliptic partial deferential equations [16] with clustering near the tip, root, leading and trailing edges. For Caradonna-Tung rotor, each blade grid has 199 total chordwise points and 85 points in spanwise direction, while in normal direction, it has 45 points. The first grid point is 0.000 01 chords off the body. As UH-60A rotor has greater aspect ratio, each blade grid has 108 points in spanwise direction. Cartesian grid is chosen for background for the facility of grid generation. It has 101 points in each direction with the points clustering at the blades' vicinity. Blade grid and the whole grid system are demonstrated in Figs. 1-2.
Identification of intergrid boundary points (IGBPs)
To improve the identification efficiency of IGBPs, hole-map method is applied [17] . The fundamental idea of this method is to define approximate surfaces of the given hole surfaces with respect to a uniform Cartesian system of points. The approximate surfaces are far more efficient to carry out inside/outside tests for IGBPs identification than actual hole surfaces. In themeantime, because the hole-map itself is an integer array of 0 and 1, it has minimal memory requirement.In the spanwise direction, a section of blade grid and background grid is illustrated in Fig. 3 . O-grid represents the blade grid, whose outer boundary is the specific hole surface. Each quadrilateral of the surface is bounded with a min/max box, which helps to determine whether a point of the background is inside or outside the hole surface. It shows that hole-map method could accurately eliminate the background points inside the hole surface. 
Donor element identification
The flow field variables of hole-fringe points are obtained by linear interpolation to establish intergrid communication, so it is necessary to identify donor elements of every hole-fringe point. Inverse-map method is adopted to accomplish the identification [18] , which provides the facility by mapping the independent computational spaces of the component grids to a set of uniform Cartesian grids. Compared with "stencil-walk" method, inverse-map has the advantage of decreasing the amount of possible donor elements, which dramatically saves the time cost in searching.
Governing Equations and Algorithm
Governing equations
Euler/N-S equations are utilized to simulate the flow field of an experimental rotor in hover. Baldwin-Lomax turbulence model is utilized to simulate turbulent flow. The frame of reference is attached to the rotating blades to formulate Euler/N-S equations for moving grid. The governing equations are indicated as follows:
where V represents the control volume, V is the boundary of the control volume, W the conservative variable, F c the convective flux, F v the viscous flux, G the source term, n the outward facing unit normal vector of the surface, and dS the area. The formulae of W and F c are given in Eq. (2). 
where the variants , q, q b , (u, v, w), E, H and p represent density, the absolute velocity, the contravariant velocity of the surface, the components of the Cartesian velocity, total energy, total enthalpy and static pressure, respectively. (n x , n y , n z ) denotes the components of the outward facing unit normal vector of the surface.
Numerical schemes
Six spatial discretization schemes are implemented for convective term, i.e., Jameson central scheme, van Leer scheme, AUSM scheme, upwind AUSM/van Leer scheme, AUSM+ scheme and AUSMDV scheme. Both explicit Runge-Kutta method and implicit LU-SGS method are put into practice for temporal discretization. To accelerate the convergence for stationary problem, both local time-stepping and residual smoothing techniques are applied for explicit method.
3.2.1. Spatial discretization schemes 1) Jameson central scheme Since central scheme would allow for odd-even decoupling of the solution and for overshoots at shocks, artificial dissipation has to be added for stability. The artificial dissipation consists of a blend of adaptive second-and fourth-order differences. A pressure-based sensor is used to switch off the fourth-order differences at shocks, where they would lead to strong oscillation of the solution. The sensor also switches off the second-order differences in smooth parts of the flow field in order to reduce the dissipation to the lowest level. The artificial dissipation term is defined as [19] 2 2 2 4 4 4
where operator d 2 denotes the second-order differences, while d 4 the fourth-order differences, subscripts , and denote three directions of the operators.
2) van Leer scheme van Leer scheme is based on characteristic decomposition of the convective fluxes. In the case of subsonic flow, the positive and the negative flux parts are given in Eq. (4). 
where c denotes the speed of sound, V c the contravariant velocity, the specific ratio, and
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where Ma n is advection Mach number. For supersonic flow, the fluxes are evaluated based on one state through the faces of the control volume. In other words, the parameters at the interface are obtained by interpolating flow variables from the upwind side of the face using non-symmetric formulae.
3) AUSM scheme The underlying idea of the approach is based on the observation that the vector of convective fluxes consists of two physically distinct parts, namely the convective and the pressure part. It is supposed to dicretise the convective part in purely upwind manner by taking either the left or the right state, depending on the sign of contravariant velocity V. On the other hand, the pressure part includes both states in subsonic case. It becomes fully upwind only for supersonic flow. An advection Mach number Ma n is introduced here. 
4) Upwind AUSM/van Leer scheme The original AUSM scheme is found to generate local pressure oscillation at shocks and in cases when the flow is aligned with the grid. When the advection Mach number vanishes, the dissipation term of AUSM scheme will approach zero as well. Therefore, any disturbances could not be damped by the scheme. In order to solve the flow alignment problem, it is proposed in Ref. [12] to modify the scaling of the dissipation term to make sure that there will always be a sufficient amount of numerical dissipation. B is the scaling of the dissipation term, which is modified as follows, where is a small value. 5) AUSM+ scheme To achieve a unification of both the M-and U-splittings, it is no longer possible to use each respective speed of sound, but instead necessary to use a common one. A judicious choice of this interface speed of sound provides the convenience to attain an exact capture of a stationary shock. Let * a be the critical speed of sound, then the numerical speed of sound exactly captures the shock without any intermediate states [6] . The definition of interface speed of sound 1/ 2 a is extended to
AUSM+ scheme, like Roe splitting, is designed to be capable of producing the exact solution.
6) AUSMDV scheme AUSMDV scheme has been constructed with the aim of removing numerical dissipation of the van Leer-type flux vector splittings on a contact discontinuity. It has the favorable property of accurate and robust resolution for shock and contact (steady and moving) discontinuities [13] . Actually, it is a mixture of AUSMV and AUSMD. The momentum flux of 1-D Euler equations is modified as follows:
where s is a switching function of the pressure gradient:
where k is a constant. 7) MUSCL approach and limiter For van Leer and AUSM-family schemes, monotone upstream-centered scheme for conservation laws (MUSCL) approach and a limiter are implemented. This implies that, for the MUSCL approach, the first-order upwind scheme is recovered in the vicinity of large gradients to achieve a monotonicity preserving discretization [20] . In practice, van Albada limiter is chosen. As a compressive limiter, van Albada limiter could enhance the accuracy and resolution of contact discontinuities and shock waves [21] , while in the smooth region of the solution, van Albada limiter would be able to maintain second-order accuracy [22] .
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Temporal discretization schemes 1) Runge-Kutta method
The main disadvantage of Runge-Kutta method is that the time step is severely restricted by the characteristics of governing equations as well as by grid geometry. A K-stage scheme is formulated in Eq. (11).
(0) ( )
where is the time step, which is restricted by the stability limitation.
2) LU-SGS method Compared with explicit schemes, implicit schemes require larger computational cost in every time step, nevertheless, larger Courant-Friedrichs-Lewy (CFL) number could be introduced to accelerate the convergence to steady solution.
LU-SGS method factorizes implicit operator into three factors as follows [23] : , ,
where L and U are the strictly lower and upper triangular matrices, respectively. D consists of the diagonal terms. (1) , , , ,
A distinguished feature of LU-SGS method is how the forward sweep and the backward sweep are carried out. Matrix inverse is removed, which remarkably decreases the computational cost [24] .
Results and Discussion
To validate the accuracy and feasibility of the current method, computational results are compared with the previous experimental data [25] [26] . The experimental rotors are nominated as Caradonna-Tung rotor and UH-60A rotor. Caradonna-Tung rotor is comprised of two blades, with NACA0012 airfoil, no twist, aspect ratio AR=6, diameter D=2.286 m, while UH-60A rotor is comprised of four blades, with SC1095 and SC1094R8 airfoils and 13° twist. It should be noted that AUSMDV scheme is included for Case 2 and Case 3, in which N-S equations are implemented.
Case 1
Caradonna-Tung rotor is utilized as the model rotor for Case 1. Mach number of the blade tip Ma tip is 0.520, collective pitch C is 0°, and angular velocity is 1 500 r/min.
Both explicit and implicit temporal discretization schemes are selected here. Euler equations are introduced to formulate the flow field. In Fig. 4 , comparisons between experimental data and computational results derived from five spatial discretization schemes at spanwise section r=0.8R (r is radial position, R represents the rotor radius) are illustrated, where C stands for the chord length. Surface pressure coefficient C p from leading edge to trailing edge is calculated for comparison.
It should be noted that, for implicit scheme, van Leer scheme, AUSM scheme, upwind AUSM/van Leerscheme and AUSM+ scheme are chosen for the consistency of implicit operator for spatial schemes, although Jameson central scheme is only included for the calculation of explicit time stepping. LU-SGS scheme is carried out as an implicit method.
Simulation results of Jameson central scheme and van Leer scheme accurately match the experimental data, while AUSM scheme and AUSM+ scheme lead to slight oscillations at the leading and trailing edges. It is probably caused by the instinct of the scheme. Under certain circumstances, original AUSM was found to generate local pressure oscillations [24] . The result of upwind AUSM/van Leer scheme greatly dispels the pressure oscillations, showing that the objective of the modification is achieved here. The results of implicit scheme coincide with experimental data and explicit results, which means that the factorization of LU-SGS method does not bring about any discrepancy. With its low numerical complexity and modest memory requirements, which are both comparable to an explicit multistage scheme [24] , LU-SGS method is well received as an implicit scheme.
Subsequently, governing equations are switched to N-S equations. From the following results, characteristics of different temporal and spatial schemes might be further revealed, especially the influence of numerical dissipation.
Case 2
Caradonna-Tung rotor is chosen as the model rotor for Case 2. Mach number of the blade tip Ma tip is 0.815, collective C is 5°, angular velocity is 2 330 r/min.
Both explicit and implicit temporal discretization schemes are implemented. N-S equations are implemented here.
The results at spanwise section r=0.89R are demonstrated in Fig. 5 . Computational results of all the five schemes coincide with experimental data. There is a glitch around x=0.3C because of coarse grid spacing in the vicinity. The surface of constant vorticity ( = 100 rad/s) reveals a tip vortex in Fig. 6 , which is generated at the tip of the blades and follows a contracting helical shape. The influence of numerical dissipation of different schemes could be identified. A tip vortex age of approximate 180° is resolved in the current simulation for AUSM scheme and AUSM+ scheme, while for van Leer scheme, the tip vortex of the same magnitude isconducted only about 90°. Simultaneously, the tip vortices of AUSMDV scheme and AUSM/van Leer scheme are conducted almost 120°. Consequently, a conclusion could be drawn here, i.e., AUSM scheme and AUSM+ scheme have the least numerical dissipation, while van Leer scheme has the most numerical dissipation. In addition, AUSMDV scheme as well as AUSM/van Leer scheme has moderate numerical dissipation. From Fig. 6 , the root vortices could also be apparently recognized. With low numerical dissipation, vortices could be conducted to a larger distance. But under the circumstances of hovering, the numerical dissipation of AUSM scheme and AUSM+ scheme approaches zero, therefore, flow field oscillations are inevitable. As a result, the advantage of AUSM scheme and AUSM+ scheme could not be revealed, but they might be able to provide better performance for forward flight. Moreover, the mesh structure in the current application is not adapted accurately to the vortex structure of a hovering rotor, because the shape of tip vortex is helical; nevertheless, the background grid is a Cartesian grid. This disadvantage to some extent enhances the numerical dissipation and reduces the distance of vortex conduction.
The comparison of bound circulation distribution among various spatial schemes is illustrated in Fig. 7 . The results are coincident with each other, and all the results reach the maximum in the vicinity of 0.9R. Lift diminishes around the root and tip, which is reasonable in theory. The experimental data in Fig. 7 are under the conditions of collective pitch C being 5°, Ma tip being 0.44, which are lower than the conditions of Case 2.
Bound circulation distribution from Ref. [26] is shown in Fig. 8 . The tendency of the distribution is in accordance with the current computational results, as the results also reach the peak value around 0.9R. Because the collective pitch in Ref. [26] is equal to 8°, which is higher than the condition of Case 2, the maximum of Ref. [26] is greater than the results in Fig.  7 . From Fig. 8 , it might be inferred that the bound circulation distribution is not so sensitive to blade tip Mach number, so it might be promising to use the experimental data of lower Mach number as a reference in Fig. 7 . Fig. 7 Comparison of bound circulation distribution among various spatial schemes. The time history of the lift coefficient is shown in Fig. 9 for the comparison between different temporal time stepping methods. The same spatial scheme (AUSM scheme) is selected, so the influence of spatial scheme has been expelled. With a larger CFL number, implicit scheme ap-proaches the final result after 2 000 iterations, while explicit scheme spends more than 4 000 iterations to reach the same magnitude. The complete computation of implicit scheme requires about 160 h of single processor CPU time, while explicit scheme requires about 400 h. It might be inferred that implicit scheme is a better choice under this circumstance.
Case 3
UH-60A rotor is chosen as the model rotor for Case 3. Mach number of the blade tip Ma tip is 0.628 and collective pitch 0.75 is 9°. N-S equations are implemented here. LU-SGS method is adopted as an implicit temporal scheme. Furthermore, experimental data from Ref. [27] are utilized to validate current method.
The results at spanwise sections r=0.775R and r=0.92R are demonstrated in Fig. 10 . AUSM scheme encounters severe convergence problem, so the result is not available here. The computational results of all other schemes coincide with experimental data. The isosurfaces of constant vorticity ( =100 rad/s) are demonstrated in Fig. 11 . The same conclusion could be obtained for the sequence of numerical dissipation compared with Case 2. In detail, the schemes seem to be divided into two groups. The numerical dissipation of van Leer scheme, upwind AUSM/van Leer scheme and AUSMDV scheme is greater than that of AUSM+ scheme. The grid spacing of background grid is not fine enough, so the difference among various schemes might be amplified to a certain extent. It should be emphasized that the contraction of the wake could also be observed in Fig.  11(c) . From the previous cases, the accuracy of the spatial schemes used here could be validated.
Jameson central scheme has no requirement to calculate the left and right states. Although artificial dissipation terms are needed, it still has the advantage of less computational cost compared with upwind schemes. Unlike Roe's splitting, AUSM-family scheme does not involve differentiation of fluxes-Jacobian matrix. There is little difference of computational cost between AUSM-family schemes because the convective flux is calculated in a similar way.
Conclusions
1) A method of rotor flow field simulation is developed in this paper. Several spatial schemes and two temporal schemes are used for comprehensive comparison.
2) Overset grid technique is implemented, and the grid system is proven to have the capability to establish intergrid communication accurately.
3) Comparisons between experimental data and simulation results are carried out to verify the accuracy and feasibility of the methodology. Vorticity contours are also observed for analysis.
4) Implicit LU-SGS method hardly introduces any discrepancy compared with explicit method. With the help of dual time stepping method, unsteady solution of the rotor flow field might be obtained in the future, which is a straightforward extension of the present work.
